The paper reports on dambreak-type swash experiments in which intra-swash hydrodynamics and sediment flux are measured for swash on a coarse sand beach and a gravel beach. Flow velocity and depth are measured using PIV and LIF respectively; the intra-swash sediment flux is measured using sediment traps. Comparison of measured hydrodynamics with the immobile, permeable bed experiments of Kikkert et al. (2013) indicate that bed mobility impacts on the swash hydrodynamics, reducing the maximum run-up by approximately 8% for both beaches, compared to the maximum run-up on the corresponding immobile beach. The measured intra swash sediment flux at a given location is characterised by high flux at the moment of bore arrival, followed by rapid decay during uprush, becoming zero at some time before flow reversal. For the gravel beach, the backwash sediment flux is negligibly small, while for the sand beach the backwash flux increases slowly as the flow accelerates down the beach, and peaks at about the time of maximum backwash velocity. Intraswash sediment flux calculated using the Meyer-Peter and Müller bed load transport formula, with measured hydrodynamics as input and bed shear stress estimated using both the Swart and Colebrook formulae, are within a factor 2 of the measured intra-swash flux. The agreement between the calculated and measured flux is better for the sand beach than for the gravel beach, and better for uprush than for backwash. For the sand beach there is good agreement between calculated and measured total uprush and total backwash sediment volumes. The agreement is less good for the gravel beach, for which calculated and measured uprush volumes show a similar trend but the calculated backwash volumes over-estimate the (negligible) volumes observed in the experiments. Field experiments investigating swash hydrodynamics and sediment dynamics have developed substantially over the last two decades in terms of the sophistication of the instruments deployed and the degree to which detailed processes are captured by the measurements. Regarding sediment flux, sediment trapping has been used to measure total uprush and total backwash transport volumes (Hughes et al., 1997; Masselink and Hughes, 1998; Austin & Masselink, 2006; Masselink et al., 2009) and high-resolution bed elevation measurements across the swash zone have been used to obtain net sediment transport volumes for individual swash events (e.g. Blenkinsopp et al., 2011) . These measurements are extremely valuable in terms of quantifying sediment fluxes and morphological change for swash events in the field. However, they do not provide a complete picture since they reveal little (in the case of traps) or nothing (in the case of bed elevation measurements) of the sediment flux during a swash event. In principle, measurements of intra-swash sediment flux can be obtained from co-located measurements of velocities and concentrations, but obtaining these measurements sufficiently accurately over the complete water column to give total sediment flux through the full swash cycle remains a significant practical challenge (Blenkinsopp et al., 2011) .
INTRODUCTION
Swash on steep, coarse-grained beaches is generated by the collapse of wave bores on the beach slope, resulting in high flow velocities with potential for substantial sediment flux and morphological change. Hydrodynamics and sediment dynamics within a swash event are complex because of the highly turbulent and aerated nature of the collapsing bore and the high unsteadiness and nonuniformity of the flow across the swash zone. In field conditions the complexity is augmented by interactions between swash events of varying magnitude and duration, caused by the varying period and amplitude of the incident waves, and by the effects of low-frequency water surface oscillations in the surf and swash zones.
Field experiments investigating swash hydrodynamics and sediment dynamics have developed substantially over the last two decades in terms of the sophistication of the instruments deployed and the degree to which detailed processes are captured by the measurements. Regarding sediment flux, sediment trapping has been used to measure total uprush and total backwash transport volumes (Hughes et al., 1997; Masselink and Hughes, 1998; Austin & Masselink, 2006; Masselink et al., 2009) and high-resolution bed elevation measurements across the swash zone have been used to obtain net sediment transport volumes for individual swash events (e.g. Blenkinsopp et al., 2011) . These measurements are extremely valuable in terms of quantifying sediment fluxes and morphological change for swash events in the field. However, they do not provide a complete picture since they reveal little (in the case of traps) or nothing (in the case of bed elevation measurements) of the sediment flux during a swash event. In principle, measurements of intra-swash sediment flux can be obtained from co-located measurements of velocities and concentrations, but obtaining these measurements sufficiently accurately over the complete water column to give total sediment flux through the full swash cycle remains a significant practical challenge (Blenkinsopp et al., 2011) .
In the laboratory, small-scale wave flumes have been used to study swash hydrodynamics over immobile, impermeable beaches (e.g. Petti and Longo, 2001; Cowen et al., 2003; Gedik et al., 2005; Shin and Cox, 2006; Sou et al., 2010; Rivillas-Ospina et al., 2012) . Large-scale wave flume experiments have studied sand suspension processes in the swash zone Caceres and Alsina, 2012) , interactions between surf and swash bed dynamics , the effects of long waves, wave groups and random waves on surf and swash bed dynamics (Baldock et al., 2011) and beach groundwater effects on swash sediment transport (Masselink and Turner, 2012) . These have yielded insights into swash zone sediment processes and morphology, but, as for field experiments, estimates of swash sediment transport are either inferred from bed elevation measurements or are limited to suspended sediment flux based on co-located velocity and suspended sediment concentration measurements. More recently, van der Zanden et al. (2015) and Puleo et al. (in press) obtained measurements of intra-swash sediment concentrations and velocities within the sheet-flow layer of swash in large-scale wave flume experiments. The studies used conductivity-based instrumentation for the concentration measurements; for the sheet-flow velocities, Puleo et al. (in press ) used an acoustic velocity profiler while van der Zanden et al. (2015) cross-correlated concentration measurements from a pair of concentration probes horizontally separated by 15 mm.
Neither method was successful in fully resolving the velocities through the sheet-flow layer and through the whole swash cycle. Nevertheless, Puleo et al. (in press ) combines their sheet-flow results with concentration and velocity measurements above the sheet-flow layer to estimate the relative contributions of suspended load and sheet-flow load to the total transport.
The complexity of processes at work in the field and in large-scale wave flume experiments makes it difficult to isolate and quantify fundamental processes and to provide measurements of the kind needed for the development of swash numerical models. An alternative to wave flumes for laboratory swash experiments is to generate swash via a dambreak, whereby a reservoir of water is suddenly released in a flume, leading to a bore that collapses on a beach located downstream. The dambreak produces a single, highly repeatable, large-scale swash event, with bore depth, bore speed and maximum run-up comparable to that seen in the field under energetic wave conditions. The set-up avoids many of the complexities associated with swash in the field, and indeed with wave-generated swash in laboratory wave flumes, such as the variability in swash events, swash-swash interactions and the effects of low-frequency oscillations. This reduction in complexity, combined with the ability to repeat the same swash event many times, allows particular fundamental swash processes to be isolated and studied in detail. Moreover, dambreak swash experiments provide good benchmark data for numerical models since the boundary and initial conditions are well defined and data are available with high resolution in time and space. Barnes et al. (2009) used a dambreak set-up to directly measure intra-swash bed shear stress using a shear plate; a similar set-up was used by O'Donoghue et al. (2010) and Kikkert et al. (2012) to study the detailed hydrodynamics of swash over immobile, impermeable beaches of varying surface roughness, and by Kikkert et al. (2013) and Steenhauer et al. (2011) to measure hydrodynamics over and within immobile, permeable beaches. The present study uses the same dambreak facility as used for these previous experiments, but with the beach now consisting of mobile sediment, the primary objective being to measure the intra-swash sediment flux for well-controlled swash conditions. Previous dambreak swash experiments involving a mobile sediment beach are limited to Othman et al. (2014) , who used a sloping dambreak apparatus to measure swash uprush sediment transport at the end of a truncated slope, their particular focus being on the influence of grain size and pressure gradient on sediment transport, not on the detailed intraswash sediment flux. This paper reports on dambreak swash experiments in which intra-swash flow depth, flow velocity and sediment flux are measured at a number of cross-shore locations for swash on beaches consisting of mobile, coarse-grained sediment. The experiments involve two beach types: a coarse sand beach and a gravel beach. The experimental setup is the same as that used for the permeable, immobile beach experiments of Kikkert et al. (2013) , which means that for each of the present mobile bed experiments, the incident bore, beach slope, beach material and beach permeability are the same as for the corresponding immobile beach experiment reported by Kikkert et al. (2013) . Comparing hydrodynamic measurements from the present experiments with the hydrodynamic measurements from Kikkert et al. (2013) therefore enables the effects of bed mobility on the swash hydrodynamics to be isolated and quantified. More importantly, the present experiments yield measurements of intra-swash sediment flux for well-controlled, large-scale swash events. To the authors' knowledge, intra-swash flux measurements of this kind, combined with detailed depth and velocity measurements, have not been reported previously.
The details of the experimental setup are presented in Section 2. Section 3 presents the experimental results for shoreline motion, swash depths and depth-averaged velocities, including comparisons with results from the corresponding immobile bed experiments of Kikkert et al. (2012 Kikkert et al. ( , 2013 in order to quantify the effects of bed mobility on the swash hydrodynamics. The measured intra-swash sediment flux is presented in Section 4, followed in Section 5 by a comparison of the measured flux with the flux calculated using a bed load sediment transport formula. Section 6 concludes the paper with a summary of the main results.
EXPERIMENTAL SET-UP AND MEASUREMENTS

Set-up and test conditions
The experiments were carried out using the same facility used by Kikkert et al. (2012 Kikkert et al. ( , 2013 . A reservoir was placed at one end of a 20 m-long, 0.9 m-high and 0.45 m-wide, glass-sided flume ( Figure   1 ). The reservoir is fronted by a gate, which is rapidly lifted by a falling-weight mechanism to produce a dambreak-generated bore. The reservoir is 0.983 m long (inside dimension), 0.394 m wide and filled with water to a depth of 0.600 m; the water depth in front of the gate was set at 62 mm. A 1:10 beach was located downstream from the reservoir. The initial shoreline on the beach, corresponding to the intersection of the water surface with the top of the beach roughness, was 0.623 m from the toe of the beach and 4.82 m from the gate. The origin of the x z − coordinate system is at the initial shoreline, with the x -axis parallel to the beach slope and positive shoreward, and the z -axis perpendicular to the slope. The gate is raised at time t = 0, resulting in a plunging wave, which produces a bore, approximately 0.25 m high propagating with approximate speed 2.0 m/s towards the beach. The bore collapses on the beach, producing a single, repeatable swash event, with velocity, depth and maximum run-up magnitudes similar to those of full-scale swash in the field.
Experiments were carried out on two beach types: a coarse sand (CS) beach with 50 d = 1.3 mm and a gravel (GV) beach with 50 d = 8.4 mm. Constant head permeameter tests (Steenhauer et al., 2012) Kikkert et al. (2013) , for which the top layer of the sediment beach was made immobile using a dilute cement mix, without changing the permeability (Steenhauer et al, 2011) . The permeability of each of the present CS and GV mobile beaches is therefore equal to the permeability of each of the corresponding immobile, permeable beaches reported in Kikkert et al. (2013) .
The sediment occupied the full beach, i.e. from the surface of the 1:10 beach face to the floor of the flume. Lines corresponding to the required 1:10 beach slope were drawn on the glass sides of the flume and the beach surface was matched to these lines before each swash run. The 1:10 lines on the glass were approximately 1mm thick. Between runs the sediment bed was re-shaped by hand so that the top surface of the sediment bed was as close as possible to the top of the line, but never above or below; hence the variation in initial bed level between runs is estimated to be of the order of 1mm.
No sediment was present on the horizontal bed of the flume between the gate and the beach, which means the incoming bore does not arrive at the shoreline already loaded with sediment. This feature of the experiment differs from swash in the field, where bore-advected sediment can make a significant contribution to sediment flux on the beach . The far (downstream) end of the beach was supported by a vertical sheet of 30 mm-thick marine plywood, drilled with several large-diameter holes and covered with 1 mm-diameter stainless steel mesh to allow the beach to drain. Each experiment started with the beach groundwater level equal to the water level in front of the reservoir (62 mm). This was achieved using a weir with 62 mm crest elevation placed approximately 0.5 m beyond the end of the beach (Figure 1) . Between experiments the beach was relevelled to its 1:10 slope and the beach was given time to fully drain to the 62 mm groundwater level.
Drainage times for the CS and GV beaches were approximately 60 mins and 6 mins respectively.
Hydrodynamic measurements
Simultaneous measurements of velocity and depth were obtained at a number of cross-shore locations using the combined particle image velocimetry (PIV) and laser-induced fluorescence (LIF) system previously described by Kikkert et al. (2012) . The water in the reservoir was seeded with neutrally-buoyant 20 μm titania particles for the PIV measurements and with fluorescent dye The ensemble-averaged depth at location x and time t was obtained from the LIF depth measurements via
where i h is the LIF-measured depth for run i and N is the number of repeats of the experiment ( N = 10 for CS and N = 15 for GV). Note that depth here refers to the distance from the instantaneous water surface to the top face of the PIV/LIF tower. The ensemble-averaged, depthaveraged velocity at location x and time t was obtained via
where angle brackets indicate depth averaging. For the remainder of the paper we use simply ( ) u t and ( ) h t to denote the ensemble-averaged, depth-averaged velocity and ensemble-averaged depth respectively. Figure 3 presents example depth and velocity measurements from individual runs and the corresponding ensemble-averaged results.
In addition to measuring depth at selected x locations, measurements were also made of the swash lens (swash lens being the term used for the instantaneous cross-shore profile of flow depth). This was achieved by mounting the laser above the flume in order to illuminate approximately 0.3 m of the water surface from above and using LIF to obtain the time-varying flow depth over the 0.3 m extent of the measurement with frequency 13.5 Hz (Kikkert et al., 2012) . By moving the laser and LIF camera between repeats of the swash event, we obtain depth measurements for multiple 0.3 m-long crossshore portions of the lens. Combining these measuremenst with each other, and with the depth measurements from the PIV-LIF locations, yields the swash lens measurement.
Sediment flux measurements
Intra-swash sediment flux was measured using sediment traps. Different traps were used for the uprush flux and the backwash flux. The uprush trap ( Figure 2 ) comprises a net and timing mechanism that allows the net to be raised at a predetermined time. The net material was chosen to ensure sediment is trapped while keeping net porosity as high as possible: muslin and 2 mm nylon netting was used for CS and GV respectively. To minimise interference with the uprush flow, the net extended beyond the point of maximum run-up. The net was held in place by frames made from 1 mm-thick, 25 mm-wide aluminium bar; the frames were 204 mm high and 451 mm wide. Being slightly wider than the inside width of the flume, the good fit meant that no separate clamps were required, the trap was secure in the flow but sufficiently free to be rapidly lifted. The trap was placed with the bottom edge of its opening at a depth of 4-5 mm below the bed surface (corresponding to approximately 
where ( ) At the moment of gate lifting, the reed switch triggers the pulse generator, which sends two delayed pulses to the actuator, the first to lower the trap and the second to lift it. The delay programmed into the pulse generator for lowering the trap takes into account the time required for the trap to travel from its suspended position above the beach to the beach surface. The uncertainty in the time that the trap is on the beach surface is the largest source of error in the backwash timing.
For this reason the trapping times are measured for each experiment individually via a micro-switch attached to one of the guiding rods. The switch is activated when the trap is within 3 mm of the beach surface; it therefore sends two pulses to the data acquisition system, one corresponding to the trap reaching the bed and the second corresponding to the lifting from the bed. Estimates for the error due to the variability in the down-time, as a percentage of the time the trap is on the beach surface, varied between 0.7 and 10.6%.
The intra-swash backwash sediment flux is calculated from
where ( ) 
EXPERIMENTAL RESULTS: HYDRODYNAMICS
Shoreline motion and maximum runup
The swash lens measurements have been analysed to determine shoreline motion through the swash cycle, with instantaneous shoreline position defined as the cross-shore location where the instantaneous lens depth is 5 mm (Kikkert et al., 2012) . The ensemble-averaged shoreline trajectories for the mobile CS and GV beaches are presented in Figure 4 , along with the shoreline trajectory results from the corresponding immobile, impermeable and immobile, permeable beach experiments reported by Kikkert et al. (2012 Kikkert et al. ( , 2013 . impermeable beaches respectively. There is therefore a 13% reduction in maximum run-up between the immobile, impermeable beach and the mobile beach, with two thirds of this reduction arising from bed mobility and one third from bed permeability. For the relatively low-permeability CS beach therefore, the effect of bed mobility is more significant than the effect of bed permeability in terms of maximum run-up. Backwash shoreline motion is similar for the three beaches, although the speed of shoreline retreat is a little higher for the mobile and permeable beaches compared to that of the impermeable beach: an average speed of approximately 1.5 m/s for t ≥ 7 s on the mobile and permeable beaches compared with an average speed of 1.3 m/s for the impermeable beach. The slightly higher retreat speed is likely due to infiltration into the mobile and permeable beaches during backwash (as discussed by Steenhauer et al. (2011) and Kikkert et al. (2013) , 33% of the water volume crossing x = 0.072 m infiltrates the CS permeable beach, with 13% of this infiltration occurring during the backwash).
Figure 4(b) shows the measured shoreline trajectory for the mobile GV beach. The trajectory is similar to that of the corresponding immobile, permeable beach (except close to maximum run-up, between 3.5 and 4.5 s), but it is very different to that of the corresponding immobile impermeable beach.
Infiltration is much greater for the GV beach compared with the CS beach, with 45% of the water volume that crosses x = 0.072 m infiltrating the GV beach during uprush (Steenhauer et al., 2011) .
Maximum run-up on the mobile beach is 2.7 m, occurring at 4.5 s, compared with a maximum run-up of 2.93 m and 3.95 m on the immobile permeable and impermeable beaches respectively. For GV therefore, the effects of permeability on shoreline motion are much more significant than the effects of bed mobility: maximum run-up on the mobile beach is 32% lower than maximum run-up on the corresponding immobile, impermeable beach, with 26% of this being due to the permeability. In the case of CS, the lenses and depth time-series for the mobile beach are similar to those of the immobile permeable and impermeable beaches. Significant differences in the lenses are seen only at times close to maximum uprush (i.e. between 4.52 and 6 s), when the mobile bed lenses tend to be lower than the immobile bed lenses; significant differences in the depth time-series are seen only at locations far up the beach slope ( x = 3.177 m in Figure 6 ), where mobile bed depths are lower than the immobile bed depths. These results are consistent with the results for shoreline trajectory seen in Figure 4 , and are also consistent with the hypothesis that bed mobility serves as an added momentum sink through an increase in the effective bed roughness and through fluid-particle interactions.
Swash depths
In the case of GV (Figures 7 and 8) , the high permeability of the mobile and immobile permeable beaches results in the swash lenses for these beaches being very different to those of the immobile impermeable beach: the lenses for the mobile and permeable beaches are lower than those of the impermeable beach and extend much less far up the beach (lower maximum run-up). At the same time, the mobile bed and permeable bed lenses are rather similar (but not the same), underlining the earlier result that the effects of bed permeability are more significant than the effects of bed mobility in the case of GV. Differences in swash depth between the mobile and the immobile, permeable beaches are seen in the region x > 1 m, where depths on the mobile beach are up to 20 mm higher than on the the immobile, permeable beach during the later uprush. The reason for the difference is likely related to the fact that gravel entrained lower down the slope tends to deposit in this region during uprush, thereby increasing the bed level and forcing the free surface upwards by an amount equivalent to 1 -2 sediment grain diameters.
Swash velocities
The depth-averaged velocity measurements are presented in Figures 9 and 10 (Blenkinsopp et al., 2011) . (Note that a subset of the CS data was reported by Briganti et al. (2012) and used thereafter by Hu et al. (2015) ; the results presented here constitute the entire experimental dataset for the two beaches and contain corrections to the bore arrival times and, consequently, to the sediment flux at bore arrival reported in Briganti et al. (2012) ).
There is generally good agreement between individual flux measurements for given x and t and the results are consistent in terms of their variation with x and t , and consistent with visual observations made during the experiments. For each x the sediment flux is highest at the time of bore arrival, decays rapidly with time thereafter and reaches zero at some time before flow reversal. Peak uprush flux is much higher for GV than for CS -a factor 2 higher approximately -consistent with a higher bed shear stress arising from the rougher bed. In the backwash, the flux is slow to build up as the flow accelerates down the beach. For the GV beach, the backwash sediment flux is negligibly small. For the CS beach the backwash flux peaks at about the time of maximum backwash velocity; peak backwash flux is higher and occurs later in time for lower locations on the beach, consistent with the backwash velocities. No sediment was transported off the beach onto the horizontal bed between the gate and the beach. This is because the supercritical backwash flow jumps to subcritical below the initial shoreline location (but still on the slope) at the end of the backwash, with the result that particles in suspension settle to the bed, raising the bed elevation in this region by a few millimetres in the case of the CS beach and by order of a grain size in the case of the GV beach (note that bed elevation was not measured). This is consistent with the creation of a bed-step at a backwash bore as described by Zhu and Dodd (2015) . In addition to the accretion observed below the initial shoreline, accretion also occurred in the mid-to-upper swash, reaching an estimated (not measured) maximum of order of a few millimeters in the case of CS and of one grain size in the case of GV. After each swash run the sediment was re-distributed to restore the 1:10 beach slope by matching the beach surface to the lines marked on the glass sides of the flume.
SEDIMENT TRANSPORT CALCULATION
In Section 5.2 we apply a sediment transport formula to the experimental conditions: we take the measured hydrodynamics as input to the transport formula and compare the formula-calculated intraswash sediment flux with the measured flux. Because the sediment transport formula is bed shear stress-based, we first give some consideration to estimating bed shear stress for swash flow.
Swash bed shear stress
We assume the instantaneous bed shear stress, b τ , relates to the instantanteous flow through
where ρ is the water density (1000 kg/mP (2015) and Jiang and Baldock (2015) using a shear plate on laboratory impermeable and mobile slopes, and by Kikkert et al. (2012 Kikkert et al. ( , 2013 ) using log-law fitting to PIV-measured velocity profiles over laboratory impermeable and permeable beaches. Such measurements have yet to result in a predictive formula for intra-swash bed shear stress.
In the absence of an established predictor, here we estimate b f using two methods. The first is based on the Swart formula (1974) commonly used to calculate friction factor for wave-driven oscillatory flow conditions. The approach was previously used by Othman et al. (2014) 
where a is the amplitude of the oscillatory flow water particle displacement and where sd u is the standard deviation of ( ) u t at a given x location in the swash zone and s end ba T t t = − is the swash "period", with ba t being the time of bore arrival at x and end t the time corresponding to the end of the swash at x (when the backwash velocity is zero). Substitution for a in equation (6) yields a time-invariant b f for the given x location. Of course, the applicability of Swart to swash flow is questionable: for Swart the near-bed hydrodynamics are established over multiple flow cycles and the flow depth is much greater than the oscillatory boundary layer thickness. In contrast, here we have a single flow "cycle" with peak velocity occurring at the start of the cycle and flow depth varying and becoming very shallow in the late backwash. 
where
and Re uh ν = is Reynolds number, with ν being the water kinematic viscosity. Again, the applicability of Colebrook for estimating swash flow b f is questionable for a number of reasons. First, the Colebrook formula is applicable to conditions in which the boundary layer is fully developed, a condition that is unlikely to be met at, and soon after, the time of bore arrival at a location on the beach. Second, the Colebrook formula applies to turbulent flow, a condition that is not met close to the time of flow reversal (in addition, Re = 0 at flow reversal, giving a singularity for b f at this time) and towards the very end of the backwash (when both flow depth and flow velocity are low); this is a minor concern however in the context of estimating intra-swash sediment flux because the percentage of the swash duration for which the flow is not turbulent is small (less than 5% in the mid-swash) and velocities are very low at these times. Third, in the late backwash a fully-developed boundary layer cannot occur because of the limited water depth as the flow becomes increasingly shallow; a Lagrangian-type model as suggested by Barnes and Baldock (2010) may be more appropriate at this stage of he swash. Moreover, in the extreme late backwash, when the flow depth is extremely shallow, the flow regime becomes akin to flow over obstacles rather than a boundary layer flow condition.
To compare the two methods with each other, and to evaluate them against experimental data, we apply the methods to the experimental data of Kikkert et al. (2013) , who measured swash depths and velocities at four crossshore locations on immobile, permeable coarse sand and gravel beaches and obtained estimates of the intraswash bed shear stress at each location based on log-law fitting to the measured velocity profiles. 
Intra-swash sediment flux
Given the relatively large sediment size, the sediment flux is treated as bedload with the Meyer-Peter and Müller formula used to estimate the instantaneous flux, i.e.
( ) (
where C is a constant, g s = 2.65 is sediment specific weight, g is acceleration due to gravity and Colebrook we make no allowance for the fact that the bed is now mobile, even though the presence of a moving sediment layer may increase the bed shear stress somewhat (Jiang and Baldock, 2015) .
For steady flows, a value of 8 is normally used for the constant C in the Meyer-Peter and Müller formula; here we adopt C = 12, as is often used in the case of unsteady and oscillatory flows (e.g. Nielsen, 2006) . Note that the choice of value for C (12 or 8) generally has a similar level of impact on the calculated instantaneous flux as the choice of Swart or Colebrook for the friction factor. In Figure 16 , uprush sediment flux based on Colebrook is always lower than that based on Swart, reflecting the differences already seen between Swart-and Colebrook-calculated b f for uprush; the differences are more apparent for s q than for b τ because of the higher power dependence of s
. With the exception of x = 1.567 m for the GV beach, there is good agreement between the Colebrook-and Swart-based estimates of the peak uprush flux at the time of bore arrival; the large difference at x = 1.567 m on the gravel beach is due to the relatively low value of a at this location, which increase bS τ relative to bC τ . In the backwash, the Colebrook and Swart estimates are in good agreement in the early backwash; differences become apparent in the late backwash when high Colebrook friction factors result in higher s q compared to the Swart s q .
As shown in Figure 17 , uprush flux calculated using Swart and Colebrook generally lies within a factor 2 of the measured uprush flux. In some cases (e.g. CS, x = 2.377 m) the level of agreement between the measured and calculated uprush flux is remarkably good. Agreement is generally poor in the backwash. For the CS beach, there is reasonable agreement in terms of the magnitude of the peak backwash flux (at least compared to Swart), but there is discrepancy in the timing of the peak and of the backwash flux generally: the calculated backwash flux is generally higher than the measured flux early in the backwash, it peaks sooner and is lower than the measured flux late in the backwash. In the case of GV, the measured backwash flux is negligibly small but the calculated s q show a small backwash flux at x = 1.567 m and significant backwash flux at x = 0.772 m. This difference between calculated and measured backwash s q for GV is at odds with the backwash bed shear stress results for GV seen in Figure 13 , in which the measured backwash bed shear stresses at these x are similar to or higher than the calculated bed shear stress. A possible explanation is that both the calculated and log-law-based measures over-estimate the actual bed shear stress in the backwash. Another possibility is that the flux is limited by flow depth. In the late backwash when velocity is high, the flow depth is shallow and rapidly decreasing. For example, in the case of GV, x = 0.772 m, the bulk of the calculated backwash flux occurs in the time period 6 < t < 8 s, during which time the flow depth decreases from 75 mm to 10 mm, i.e. from about 9 grain diameters depth to about 1 grain diameter depth. It is unlikely that such shallow flows have the capacity to convey the bedload normally associated with bed shear stress levels indicated by the calculated and measured backwash bed shear stresses.
While C = 12 in the Meyer-Peter and Müller formula gives good estimates of the uprush flux for the present experiments, we note that Othman et al. (2014) report C in the range 22 -42 (Table 7 in Othman et al., 2014) when they apply Meyer-Peter and Müller to their measurements of sediment load overwashing a truncated slope, with bed shear stress estimated using various methods, including
Swart and Colebrook. The difference in C between the present study and Othman et al. (2014) may be due to error in estimating the uprush bed shear stress, in the present study and/or in Othman et al. (2014) : the difference in C between the two studies is of order factor 3, which would correspond to a factor 2 difference in the bed shear stress. The difference in C may also be due (wholly or partly)
to the difference in the experimental set-up: while the present experiments involve sediment flux measurements over a continuous and deep sediment beach, Othman et al. (2014) measured the sediment volume overwashing a truncated slope comprising a shallow (20 mm) sediment bed on a hard surface. Apart from the bed mobility, the experimental set-up is the same as for the immobile, permeable beach experiments of Kikkert et al. (2013) , which enables the effects of sediment mobility on the swash hydrodynamics to be quantified. The results indicate that bed mobility impacts on the hydrodynamics, reducing the maximum run-up by approximately 8% for both beaches compared to maximum run-up on the corresponding immobile beach. For the sand beach, the effect of bed mobility on the uprush hydrodynamics seems to be more significant than the effect of bed permeability, while for the gravel beach the effects of permeability are dominant.
Net volume transport
(ii) The measured intra swash sediment flux at a given location in the swash zone is characterised by high flux at the moment of bore arrival, followed by rapid decay during uprush, becoming zero at some time before flow reversal. The highest uprush flux on the gravel beach is approximately a factor 2 higher than the highest uprush flux on the sand beach. For the gravel beach, the backwash sediment flux is negligibly small, while for the sand beach the backwash flux increases slowly as the flow accelerates down the beach, and peaks at about the time of maximum backwash velocity.
(iii) Uprush bed shear stress estimated using Swart is generally higher than that estimated using Colebrook; for the swash conditions considered in this study, the ratio (iv) Bed shear stresses calculated using Swart and Colebrook lie mostly within a factor 2 of the swash bed shear stress estimates obtained by Kikkert et al. (2013) using log-law fitting to velocity profiles measured over immobile permeable beaches. For uprush, the calculated bed shear stresses tend to be higher than the experimental values; in the backwash, the experimental peak bed shear stresses are a factor 2 higher than the calculated values (but we note that a previous comparison of log-law-based estimates of bed shear stress with shear plate measurements also showed poor agreement in the backwash, with the log-law backwash estimates being much higher than the shear plate backwash estimates).
(v) Intra-swash sediment flux calculated using the Meyer-Peter and Müller bed load transport formula, with bed shear stress estimated using Swart or Colebrook, are generally within a factor 2 of the measured intra-swash flux. The agreement between the calculated and measured flux is better for the sand beach than for the gravel beach, and better for uprush than for backwash. For the sand beach there is good agreement between the calculated and measured total uprush and total backwash sediment volumes. The agreement is less good for the gravel beach, for which the calculated and measured uprush volumes show a similar trend but the calculated backwash volumes over-estimate the (negligible) volumes observed in the experiments.
The measurements from the present study constitute a unique but limited dataset on intra-swash sediment flux: more experiments are needed to cover a greater range of swash and sediment conditions, including finer sediments for which the effects of flow unsteadiness and non-uniformity are likely to be substantial. More work is also needed to formulate a robust bed shear stress model that is able to cover the wide range of hydrodynamic conditions occurring across the full swash zone and through the full swash cycle. Finally, the experimental data are available on request to the first author. corresponding results from Kikkert et al. (2012 Kikkert et al. ( , 2013 for impermeable beach (grey line) and permeable beach (black line) are also shown. corresponding results from Kikkert et al. (2012 Kikkert et al. ( , 2013 for impermeable beach (grey line) and permeable beach (black line) are also shown. 
